INTRODUCTION

34
In regulatory applications, metal-mixture toxicity has generally been modeled by Toxic Unit
35
(TU) or other additive approaches that are based on water-exposure concentrations [1] . Data 
47
Competitive binding of metals and cations is also assumed to occur at binding sites on or in 48 biological organisms, which are referred to as the "biotic ligand (s) ." The accumulation of metal 49 on the biotic ligand is then correlated to the toxic response of the organism (e.g., using a logit 50 response function). The BLM has been used by various investigators over the past decade to 51 develop predictive models for acute and chronic toxicity in single-metal exposures [6, 7] . More 52 recently, several BLMs have been developed or revised for metal mixtures [8, 9, 10, 11] . In these 53 models, metals have either been assumed to exhibit similar joint action (with toxicity expressed proportional to metal concentrations predicted to accumulate on humic acid (HA, when exposed 63 to the same exposure water (as calculated by WHAM). Accumulated metal is related to toxicity 64 using the FTOX function, which is obtained by multiplying the calculated humic-bound metal and 65 proton concentrations (mmol g -1 ) by cation-specific potency factors and then summing the results 66 over all cations. The resulting FTOX value is correlated to the toxic response of the organism
MODEL DESCRIPTIONS
85
The 4 models presented at the MMME Workshop were based on previous developments of 86 the BLM and WHAM-FTOX. Although the models were based on differing frameworks, they 87 shared many similarities in their overall structure. These similarities included: metal accumulation by the organism).
95
 A correlation of accumulated metal to toxicity using potency factors and/or toxicity-96 response functions.
97
However, the 4 models differed in the details of their formulations and in calibration procedures 98 that were used by the different modeling groups in fitting the MMME project datasets. Those 99 datasets are listed in Table 1 ; formulations of the 4 models are summarized in Table 2 , and 100 further details are provided below.
101
AIST model
102
The AIST model followed the BLM framework and considered a single biotic ligand as the 103 binding site for all metals on the organism [8, 14] . Free ion activities of metals and other cations 104 were calculated using WHAM VII [15] . For this calculation, DOM was assumed to be 100% 
where R is the biological response (e.g., fractional mortality or growth reduction), a and b are the 124 logit parameters, and M is the fractional coverage of accumulated metals on the biotic ligand.
125
The AIST model was calibrated using 4 of the 6 MMME calibration datasets ( 
161
The model was extended to metal mixtures using a concentration-addition type of approach.
162
However, because each metal was considered to exhibit a different potency when bound to the 163 biotic ligand, calculations were based on the summation of TOXi values.
where n is the number of metals in the mixture. Second, a 3-parameter logit function was used to 
168
where R is the biological response (e.g., fractional mortality or growth reduction), and 1, 2, and
169
3 are the logit parameters. The model was calibrated using 5 of the 6 MMME calibration 170 datasets (Table 1) . For each dataset, the model was fit to observed mortality (or growth- Table S4 ).
173
The potency factors were assumed to be dependent only on the metal, and the logit parameters 174 were considered to be organism-specific in the initial calibration of the model. However, it was necessary to consider organism-specific potency factors in fitting datasets for P. subcapitata 
where n is the number of metals in the mixture. This approach is also referred to as response 210 addition (see [1] for further discussion).
211
The HDR model was calibrated using 3 of the 6 MMME calibration datasets ( Table 1 ). The Table S6 ). Metal-mixture toxicity was 217 predicted using the log KM values and calibrated logit parameters from single-metal exposures.
218
The HDR model also considered uncertainty in single-metal toxicity predictions to generate 219 response envelopes for metal-mixture exposures (see [11] for details). Log KM values for Cu and
220
Zn on the Cd-specific biotic ligand were subsequently adjusted to provide a better calibration of 221 the model to the D. magna mortality data ("Index 4"). Table S7 for details).
241
(Note that log KM values were also modified for electrostatic corrections in WHAM-FTOX.)
242
Toxic response was determined by assuming that concentrations of metabolically-active 243 metals and protons on or in the organism were proportional to their predicted concentrations on
244
WHAM HA in the same exposure water. Toxicity was then determined in 2 steps. First, a potency factor was defined to relate the amounts of accumulated metals and protons to toxic 246 effect using the FTOX function:
where i is the relative potency factor, i is the concentration of metal and protons on humic acid
, n is the number of metals in the mixture, and n+1 is considered to account for 250 proton toxicity. Second, a 2 parameter linear response function was defined to relate toxic 251 response to the FTOX function
where FTOX-LT represents the lower threshold for toxicity and FTOX-UT represents the threshold for 254 the maximum toxic response.
255
The model was calibrated using all 6 MMME calibration datasets (Table 1) Table S5 ).
295
Toxic responses at each biotic ligand were determined using the HDR response-function 296 parameters (ai, bi) (Eqns. 5, 6; Supporting Information File SI-1, Table S6 ). 
344
The graphical comparisons in Figures 1 and 2 (Index 4, Cu-Cd #7-1, with 12.6 µg/L dissolved Cd) are presented in Figure 3A . toxicological endpoint (e.g., mortality, growth reduction).
359
A similar example is given in Figure 3B for 
372
Based on results presented in Figure 3 , it is difficult to evaluate calibration strategies in a 373 simple step-by-step procedure. Rather, a more holistic view of the calibration process is needed
374
(see comparison of model calibration parameters in Table 3 ). In all 4 models, log KM values for 375 the initial calibration were fixed based on previous studies and were not considered as adjustable 376 parameters. Based on the remaining model parameters, the initial calibration of the AIST model 377 appeared to be most constrained, with response parameters allowed to be adjusted only as a function of the organism (Table 3 ). This was followed by the USGS model which allowed 379 potency factors (i) to be adjusted as a function of only the metal, and response parameters (1, The use of a more constrained or a more flexible calibration strategy had a significant 387 effect on the ability of the 4 models to describe mortality (or growth reduction) data (see Figures   388 
and 2). To illustrate this point, USGS and CEH model results for growth reductions of P.
389 subcapitata at pH 6 are given in Figure 4 . As shown in Figure 4A , the growth in single-metal
390
and metal-mixture exposures were poorly described by the initial calibration of the USGS model,
391
which was based on potency factors (i) that were determined from global fits to the MMME of the variability that may be associated with metal accumulation in the organism ( Figure 4D ).
403
Therefore, excluding the extra factor of proton toxicity, which was included in the WHAM-FTOX organic acids (Cd < Zn < Pb; Figure 5A ). In contrast, the AIST and USGS models had larger 414 binding constants for Cd that were similar to previously-reported log KM values for Cd (e.g.,
415
[ 35, 36, 37] increasing Zn concentrations ( Figure 6A ). This behavior is similar to an additive response curve (see Figure 1 in Meyer et al. [1] for the Cu-Zn mixture can be attributed to the calibration of the models and not to the differences 451 in their formulations.
452
The Cd-Cu test series #20-3 showed very different behavior ( Figure 6B al. [1] (Index V-1) are presented in Figure 7 . Model-data comparisons for single-metal exposures
473
( Figure 7A ,C,E,G) were comparable to the D. magna calibration results presented in Figure 1 . tended to over-predict trout mortality by a factor of 3 to 4 on the TOX scale for the USGS model.
482
Model-calculated response curves for the HDR and CEH models were in closer agreement to 483 observed mortality. The AIST model was not considered in the rainbow trout validation test 484 because a rainbow trout log KM value for Cu was not provided for the AIST model.
485
The overall results of the present study highlighted similarities and differences in 4 models 486 that were developed to describe the effects of single-metal and metal-mixture exposures on 487 biological response (e.g., mortality, growth reduction). The 4 models were calibrated to and by the CEH model (which considered FTOX addition, but required adjustment of FTOX 498 parameters to individual datasets).
499
These findings indicate that competitive interactions among metals add a level of complexity 500 to toxicity evaluations that will in all likelihood only be appreciated through continued model 501 development. The application of more complex geochemical models (with multiple biotic ligand 502 sites or distributions of log KM binding sites) may be needed for this purpose. This has led to 503 revisions in the 4 modeling approaches, particularly for the AIST and USGS models that were 504 considered in the present study. Revised versions of the AIST, USGS, HDR and CEH models 505 are described in various papers in this issue (see [8, 9, 10, 11, 13] 
SUPPORTING INFORMATION
511
File SI-1: Modeling parameters and additional analyses (Tables S1 to S8, and Fig. S1 to S31).
512
File SI-2: USGS model description (2012 version).
513
File SI-3: Description of "Index 7" and "Index 8" data sets. b TOX = toxicity-response function in USGS model; i = potency factor for metal i; i = proportion of BL sites occupied by metal i (# of sites occupied / # total sites).
Background. Environ Toxicol Chem (this issue
c FTOX = toxicity-response function in CEH model; i = potency factor for proton or metal i; i = concentration of BL sites occupied by protons or metal i (mmol g -1 humic acid). Proton potency factor (H) n/a n/a n/a f(organism)
Response parameters
a AIST = National Institute of Advanced Industrial Science and Technology, Japan; USGS = U.S. Geological Survey, USA; HDR = HDR|HydroQual, Inc., USA; CEH = Centre for Ecology and Hydrology, UK. b log KM values for the AIST and HDR models were taken from previously-calibrated, single-metal biotic ligand models. Additional adjustments of log KM values were made during their studies. c log KM values were held constant in the USGS and CEH models and were determined as follows: USGS: from a re-evaluation of single-metal toxicity data for cutthroat and rainbow trout; CEH: from previous calibration for WHAM VI (a version of the Windermere Humic Aqueous Model), using WHAM humic acid as a surrogate for non-specific accumulation of protons and metabolically-active metals by the organism. d In the initial calibration of the USGS model, metal potency factors were considered to be a function of only the metal. A separate set of potency factors was required for the final calibration of the algal dataset. 
